In spite of the extensive research the complex pathogenesis of diabetic retinopathy (DR) has not been fully elucidated. For many years it has been thought that diabetic retinopathy manifests only with microangiopathic lesions, which are totally responsible for the loss of vision in diabetic patients. In view of the current knowledge on the microangiopathic changes in the fundus of the eye, diabetic retinopathy is perceived as a neurodegenerative disease. Several clinical tools are available to detect neuronal dysfunction at early stages of diabetes. Many functional changes in the retina can be identified before vascular pathology develops, suggesting that they result from a direct effect of diabetes on the neural retina. In the course of diabetes there is a chronic loss of retinal neurons due to increased frequency of apoptosis. The neuronal apoptosis begins very early in the course of diabetes. This observation has led to suggestions that precautions against DR should be implemented immediately after diabetes is diagnosed. Neurodegeneration cannot be reversed; therefore treatments preventing neuronal cell loss in the retina need to be developed to protect diabetic patients. This review is an attempt to summarize what is currently known about the mechanisms of neuronal apoptosis in the context of diabetic retinopathy and vascular degeneration as well as about potential treatments of DR.
INTRODUCTION
As reported by the World Health Organization (WHO) currently there are 387 million people worldwide suffering from diabetes, which makes 8.3% of the global human population. By 2030 the number of people with diabetes is estimated to increase by 205 million, with a high percentage of them suffering from type 2 diabetes mellitus (T2DM) [1, 2] . Although clinically it is difficult to overlook type 1 diabetes mellitus (T1DM), many patients with T2DM, which is a slowly progressing disease, are unaware of their condition. It has been shown that in approximately 46% of patients at high risk of diabetes the disease remains undiagnosed. T2DM most commonly affects people aged 40 to 69 years, but over the last decades there has been more and more individuals who suffer from the disease before they are 40 [3] [4] [5] [6] . Untreated or poorly controlled diabetes can increase the risk of serious complications, the therapy of *Address correspondence to this author at the Department of Immunobiology and Environment Microbiology, Medical University of Gdańsk, Dębinki 7, 80-211 Gdańsk, Poland; Tel/Fax: +48-58-34-91-766; E-mail: kzorena@gumed.edu.pl which is a great burden to healthcare systems all over the world. The currently available long-term multidisciplinary studies have shown that long-term diabetic complications develop as a result of progressing vascular damage both in small and large blood vessels [7] [8] [9] .
One of the major complications in patients with diabetes is diabetic retinopathy (DR), a leading cause of blindness worldwide. In spite of the extensive research the complex pathogenesis of diabetic retinopathy has not been fully elucidated [10] [11] [12] [13] [14] [15] . For many years it has been thought that DR manifests only with microangiopathic lesions, which are totally responsible for the loss of vision in diabetic patients. In view of the current knowledge on the microangiopathic changes in the fundus of the eye, diabetic retinopathy is perceived as a neurodegenerative disease [13] [14] [15] . A large number of cellular and molecular studies in experimental animals and early retinal function tests in DR patients have shown that neurons are vulnerable to damage shortly after onset of diabetes [10, 11, 13, 14] . Several clinical tools such as optical coherence tomography (OCT), multifocal electroretinogram (mfERG), flash ERG, and short-wavelength automated perimetry have shown functional deficit in the
A R T I C L E H I S T O R Y
neurological component in the early stages of diabetes. Adaptive optics, a new imaging technique, also showed that loss of photoreceptors is the early change in diabetic retinopathy [16] [17] [18] . Results that are generated by mfERG appear similar to those generated by flash ERG. In contrast to flash ERG, which best generates data appropriate for whole-eye disorders. The basic mfERG result is based on the calculated mathematical average of an approximation of the positive deflection component of traditional ERG response, known as the b-wave.
Multifocal ERG programs measure electrical activity from more than a hundred retinal areas per eye, in a few minutes. Through the use of mfERG Semeran et al. has provided evidence suggesting a direct link between neural dysfunction and vascular abnormalities in DR. In this regard, it has been shown that a delayed mfERG implicit time predicts the development of early microvascular abnormalities [17] . A good example is the comparison of mfERGs results to OCT measurements in order to correlate functional mfERG to morphological (CT) change. Early functional changes in the diabetic retina seem to occur before morphological changes in the retinal nerve fiber layer (RNFL) [18] .
RETINAL NEURODEGENERATION IN THE COURSE OF DIABETES
Retinal neurodegenerative changes underlying the vision impairment in people with diabetes may develop as a result of genetic, chronic inflammation and metabolic disorders.
Hyperglycaemia and Changes in the Fundus of the Eye
Toxic effects of chronically elevated blood glucose levels include damage to pericytes in the retina of the eye. These cells are the first ones to be affected by changes induced by excess glucose supply [19, 20] .
Harmful effects in the pericytes are mediated by activation of several metabolic pathways including nonenzymatic glycation of proteins, which is among the most important biochemical processes playing a key role in the development of angiopathic complications in diabetes. This process results in formation of advanced glycation endproducts (AGEs), which are long-lasting and irreversible products that have the ability to form cross-links between proteins with subsequent modification of blood vessel elasticity [21] [22] [23] [24] .
In animal studies stimulation of inflammatory response by receptor for the advanced glycation end products (RAGEs) induced mononuclear phagocytes was observed. Moreover in the acute peripheral nerve injury the ligand-RAGE complex can modulate inflammatory response and neurite outgrowth. In subjects suffering from diabetes there is increased synthesis of RAGEs in macrophages and monocytes migrating from the circulation into the tissues. Increased expression of the receptors on the endothelium and smooth muscle cells was observed and shown to be stimulated by increased AGE levels, which resulted in long-term angiopathic complications. This phenomenon was observed in diabetic retinopathy [25] [26] [27] . In retinal capillaries of patients with advanced diabetes the endothelial AGE-RAGE complexes stimulated nuclear factor κB (NF-κB) transcription factor. This resulted in increased vascular endothelial growth factor (VEGF) synthesis and leukocyte adhesion to these cells as well as potentiated inflammatory response [27, 28] . Currently available studies revealed AGEs and sRAGE threshold values for the risk of development of retinopathy and nephropathy in children and adolescents with type 1 diabetes Fig. 1a,b [29] .
Oxidative Stress
The polyol pathway, nonenzymatic glycation of proteins with its endproducts, protein kinase C activation and hexosamine pathway lead to a series of pathological events including increased production of free oxygen radicals, oxidative stress, activation of proangiogenic factors and finally inflammation [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Hyperglycaemia, due to enhanced production of superoxide anion radicals by electron transport chain in mitochondria triggers a selfperpetuating cycle of production of oxygen free radicals [32] [33] [34] . Oxygen free radicals including peroxide anion radical and hydroxyl radical are a part of a whole body of reactive oxygen species (ROS). Peroxide anion radical is generated in mitochondria by electron transport chain in oxidative phosphorylation reaction as a product of non-enzymatic oneelectron reaction with oxygen. However the peroxide anion radical is not able to pass cell membranes, remains within the membranes and is deactivated by superoxide dysmutase. The reaction results in hydrogen peroxide which can diffuse from mitochondria and transform into highly reactive hydroxyl radical [35] [36] [37] . In all types of cells with possible hyperglycaemia free oxygen radicals cause a decrease in activity of the key glycolytic enzyme glycerylaldehyde 3-phosphate dehydrogenase (GAPDH) [35] . GAPDH is an essential enzyme in the process of glycolysis. Decreased activity of GAPDH results in increased levels of the reaction substrates and intermediate products. Overexpression of glyceraldehyde 3-phosphate dehydrogenase prevents neurovascular degeneration after retinal injury [35] . Moreover oxygen free radicals can increase vascular permeability and reduce the ability of blood vessels to dilate as well as can activate growth factors and platelets resulting in vasoconstriction following endothelial injury [36] . Oxidative stress which is a consequence of prolonged hyperglycaemia is a key link in connecting angiopathic complications in the course of diabetes [30, 31, 40] . It has been shown that oxidative stress is associated with impairment in neuroretinal biochemical homeostasis in patients with PDR, which further augments retinal nitrosative stress and thus worsens the pathogenic process of retinopathy among patients with PDR [40] .
Glutamate Excitotoxicity and Retinal Ganglion Cell Death
In the course of diabetes high blood glucose leads to neuron vulnerability and apoptosis through many mechanisms, with recently explored pathways illustrated in Fig. 2 . Glutamate excitotoxicity is indicated as one of the mechanisms that can lead to oxidative stress mediated retinal ganglion cell death in diabetes [41] [42] [43] [44] . At physiological conditions the dominant form is the anion form of glutamic acid called glutamate. Glutamate belongs to a class of neurotransmitters involved in the regulation of neurohormonal activity. Its high levels are found in the central nervous system. Stimulated nerve cells release glutamate molecules from the glutamatergic synaptic vesicles. The neurotransmitter released at the glutamatergic synapsesglutamate causes depolarization of the postsynaptic neuronal membrane and generates a signal in the neighbouring nerve cell. Glutamate accumulated in the synaptic space is taken up by neighbouring astrocytes, where it is broken down to free glutamine. The process of its resorption is accompanied by sodium ion (Na+) influx into the cell and activation of Na+/K+-ATPase. The active ATPase initiates the process of glycolysis to burn glucose and produce lactate, which is then transported to neurons and used as an energy substrate. Free glutamine obtained in astrocytes is used by neurons as a substrate for glutamate generation. Recently there has been more and more evidence suggesting that glutamate excitotoxicity in the retina leads among others to apoptotic degenerative lesions [45] [46] [47] [48] .
Apoptosis is a mechanism to eliminate unnecessary, aging or damaged neurons. The process is regulated by interactions between pro-apoptotic proteins (Bax, Bad, Bmi, Hik, Bak) and anti-apoptotic proteins Bcl-2, Bcl-x, A-1, Mel-1 [48] [49] [50] [51] [52] . Pro-apoptotic proteins reduce mitochondrial membrane potential and initiate leakage of apoptosis inducing factor (AIF) and cytochrome c [48] . The appearance of cytochrome c in the cytoplasm and its complexes with apoptotic protease-activating factor-1 (APAF-1) activate procaspase-9. The process triggers a cascade of activation of further caspases, which are proteolytic enzymes, and finally leads to DNA fragmentation and neuron death [47, 53, 54] . Currently available data suggest that the main mechanism underlying the induction of neuron apoptosis under chronic excitotoxic conditions is the mitochondrial apoptosis pathway rather than Fas signalling pathway [48, 53] . Caspases, the enzymes involved in apoptosis are also elevated in retinas of diabetic rats thus making them markers for apoptosis [55] [56] [57] . The role of pro-inflammatory cytokine (IL-1) and caspase-1 in diabetesinduced mice has shown that caspase-1/IL-1 signalling pathways play an important role in degeneration of retinal capillaries and its inhibition might represent a new strategy to inhibit capillary degeneration in diabetic retinopathy [55] . The increased expression of anti-apoptotic mediator Bcl-2 in the vascular endothelium inhibits the diabetes-induced degeneration of retinal capillaries and superoxide generation [57] .
Tumor necrosis factor-α (TNF-α) has a contradictory impact on cells, it may promote cell survival or death, depending on the presence of other molecules. In the ganglion neurons of a healthy human retina normal levels of TNF-α stimulate the activity and expression only of the prosurvival molecules, for example Cox-2 and Akt, but the diabetic retina expressed also molecules involved in the proapoptotic pathways: release of mitochondrial cytochrome c, AIF (apoptosis inducing factor), Bad [52] . In cultured retinal neurons TNF-α works primarily through the TNFR-1 and initiates apoptosis via the caspase system [58] . Aside from the caspases, MKK/JNK/Jun pathway is activated in the apoptotic neurons of retinas of humans and rats, ERK/Fos in human retina and Bax system in rat retina [59, 60] .
The proposed mechanisms for the role of high glucose concentrations on the cells of the retina are illustrated in Fig. 2 . (a,b) shows sRAGE and AGE threshold values in T1DM patients. Based on the ROC AUC analysis the threshold value for sRAGE was calculated to be 2280 pg/ml. In contrast to the serum sRAGE levels, a discriminatory value was found for serum AGEs in studied group of children and adolescents with T1DM. The threshold value for serum AGEs concentrations was established at the level of 19867 pg/ml. ROC, receiver operating characteristic; AUC ROC , area under the ROC Curve [29] .
NEUROINFLAMMATION IN THE COURSE OF DIABETES
In the numerous studies on the pathogenesis of diabetic retinopathy more and more attention is paid to inflammatory and angiogenic factors [7, 8, [61] [62] [63] . The development and progression of diabetic retinopathy may result on one hand from stimulation of immune cells in metabolically uncontrolled disease and on the other hand from the presence of proinflammatory cytokines, which reflects the ongoing Fig. (2) . The high blood glucose leads to neuron vulnerability and apoptosis in diabetes through many mechanisms, with recently explored pathways illustrated. Hyperglycemia affects the expression and function of crystallins, a group of chaperones. Crystallins are upregulated, however their solubility is diminished with the net effect of lowered protection. Activated microglia and elevated levels of AGEs induce prolonged inflammation with pro-apoptotic effects on retinal ganglion cells through pathways dependent on TNFα and nitric oxide. Disruption of TNFα balance induces apoptosis via caspase cascade and via Jun kinase, while elevated NO generation leads to vasodilation, increased blood flow, higher glutamate concentrations and results in glutamate excitotoxicity. NO also lowers the pace of glycolysis by inactivating GAPDH, a process that leads to accumulation of GAPDH in the nucleus, which is an apoptosis-associated effect and increases the burden of high intracellular glucose concentration resulting mostly from high blood glucose concentration. Neurons are forced to accommodate the excess glucose by the polyol pathway which uses NADPH to generate sorbitol from glucose. High intracellular glucose concentration additionally leads to NADH (nicotinamide adenine dinucleotide, reduced) accumulation, which, collectively with NADPH (nicotinamide adenine dinucleotide phosphate, reduced) depletion, leads to vulnerability to oxidative stress. Finally, excess intracellular glucose activates the receptor for Nogo, and leads to apoptosis induction via the Rho kinase. immune processes initiated already in the phase of prediabetes. Animal studies have shown that as early as after one week of diabetes, before any signs of diabetic retinopathy occur, leukocytes start to adhere to the retinal capillaries with subsequent migration into the retina. Leukocyte-endothelial cell adherence is regulated by integrins expressed on the surface of leukocytes as lymphocyte function-associated antigen-1 (LFA-1), very late activation antigen-4 (VLA-4), CD18 and adhesion molecules expressed on the surface of endothelial cells including intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), P-selectins [64, 65] . The leukocyte-endothelial adhesion initiates the process of releasing proinflammatory cytokines, growth factors and vascular permeability factors. Furthermore endothelial tight junctions are being damaged, which facilitates leukocyte diapedesis to the retina [65, 66] . Moreover currently available studies have shown increased serum levels of proinflammatory cytokines in adolescents with T1DM and diabetic retinopathy [17, 29, 66] . Also increased serum interleukin-6 (IL-6) levels were detected in patients with proliferative diabetic retinopathy (PDR) versus patients with T1DM but without PDR [7, 64] . Markedly increased expression of IL-6 and VEGF was found in the aqueous humour of patients with diabetic macular oedema. Other studies have shown a positive correlation between the aqueous levels of IL-6 and macular thickness, which indicates that IL-6 may play a role in the development of diabetic macular oedema [67] . Higher levels of highmobility group box-1 protein (HMGB1), VEGF, ICAM-1, VCAM-1, soluble vascular endothelial-cadherin (sVEcadherin), vascular adhesion protein (VAP-1), erythropoietin (EPO), and chemokines have been recently reported in vitreous fluid from PDR patients compared to nondiabetic patients [68] [69] [70] [71] . It is speculated that HMGB1 might be an important link between chronic low-grade inflammation and angiogenesis. HMGB1 functions as a proinflammatory cytokine and exhibits angiogenic effects [68] .
Study results from the last years suggest that genetically determined higher production of cytokines may significantly affect the onset and progression of diabetic retinopathy [70] [71] [72] [73] . So far, several candidate genes have been implicated in the pathogenesis of diabetic retinopathy via complex interactions of environmental and genetic factors. None of them, however, can be fully and solely responsible for the development of DR. Expression of growth factors, such as VEGF, basic fibroblast growth factor (BFGF), and insulinlike growth factor (IGF), is influenced by single-nucleotide polymorphisms (SNPs) in these genes [74] [75] [76] .
Furthermore, on the basis of the data published so far we can assume that the development of diabetic retinopathy can be affected by VEGF and increased blood pressure [77, 78] . Persistent elevated HbA1c levels is known to lead to the production and accumulation of AGEs. Formation of AGEs promotes production of pro-inflammatory cytokines, which may further increase VEGF levels and thus indirectly lead to the increased blood pressure. This process results in increased expression of adhesion molecules, cytokines and chemokines that enhance endothelial cell proliferation and extracellular matrix formation with concomitant impairment of its degradation. The consequence of these actions is progressive fibrosis and obliteration of the vascular lumen resulting in increased vascular resistance in these vessels. Increased blood flow resistance leads to further increase in VEGF production and potentiates changes in the structure and proportions of collagen and elastin, thereby leading to increased stiffness of blood vessels and progressing hypertension. Dyslipidemia, smoking and lack of physical activity are among the well-established clinical risk factors for the development and progression of diabetic retinopathy however they are beyond the scope of this article [79] [80] [81] .
POTENTIAL APPROACHES TO DELAY NEURONAL LOSS IN THE COURSE OF DIABETES
Neurodegeneration cannot be reversed, therefore preventing neuronal cell loss in the retina need to be developed to protect diabetic patients [14, 82] . During the last years several interventions with possible neuroprotective effects have been investigated, mostly in rats and mice. The effect of exercise on retinal neurons was investigated on the example of rats running on a treadmill. The physical exercise altered the risk of developing diabetic retinopathy: the number of apoptotic cells in the retina was reduced [83] and the level of VEGF was lowered [84] .
In another study by Marchetti et al. umbilical cord blood (UCB) derived CD14+ cells were introduced intravitreally into C57Bl/6J mice with oxygen-induced retinopathy [85] . In this model seven-days-old mice are kept in 75% oxygen atmosphere for five days and returned to normal atmosphere. Elevated oxygen concentrations cause the retinal vasculature to degenerate. Under normal atmosphere tissues with degenerated vasculature become hypoxic and are used as a model of hypoxic injury to the retina. At the interface between perfused and non-perfused retina abnormal lesions develop including pre-laminar, neovascular tufts in C57Bl/6J mice. BALB/cByJ mice revascularize more quickly and develop normal vasculature, which makes them a good control in studies of recovery from hypoxic injury. Human UCB-derived CD14+ cells caused that hypoxic injury in the C57Bl/6J retina healed similarly to the BALB/cByJ retina, while CD14-cells offered only modest improvement. Human CD14+ cells were found around the vasculature and matured into macrophage-like morphology. Their antigens were consistent with those of M2 type macrophages. Moreover human UCB-derived CD14+ cells were matured in vitro into M1 and M2 macrophages and subsequently introduced intravitreally to C57Bl/6J mice with oxygeninduced retinopathy. Both populations were able to protect retinal vasculature against obliteration, however only M2 macrophages prevented formation of neovascular tufts. In transcriptomic analysis human cells showed increased expression of proteins associated with response to oxidative stress (e.g. SOD1, HMOX1, GPX1, ALDOA), antiinflammatory proteins (Stat3, CCR5, TIMP1), proteins promoting cell survival over apoptosis (e.g. TGF-β, AKT1, NF-κB) and myeloid differentiation, while pro-inflammatory TNF-α was downregulated.
Several diabetes drugs were found to protect retinal neurons against apoptosis. The main effect of rosiglitazone involves sensitization of cells to insulin, therefore its effect on retinal neurons' survival is most likely indirect. Rosiglitazone has been shown to provide anti-apoptotic protection for all layers of retinal neurons [86] [87] [88] [89] [90] . The recent years have brought new evidence on rosiglitazone that have changed its position. The medicine has been shown to elevate the risks of myocardial infarction and cardiovascular death [87] . As a result it has been withdrawn from the market in some countries while in the others its sale has considerably declined. Discovering new benefits from using the drug may not be enough to balance the risk of cardiovascular diseases.
Another drug with potential effect on retinal neurons is sitagliptin. Its main mode of action is inhibition of GLP-1 and GIP (gastrointestinal hormones) inactivation with subsequently prolonged insulin secretion after meals. Sitagliptin exerts different effects on diabetes control depending on the type of diabetes in animal models but both in type 1 and type 2 Zucker Diabetic Fatty (ZDF) rats it provides protection to the retinas. Its administration results in increased neuronal viability, tighter blood-retina barrier (BRB) integrity and lower level of inflammation [88] [89] [90] .
Other drugs used in diabetes for reasons other than glycaemic control can also improve retinal health. Cilostazol is commonly used in management of diabetic complications and protects rat retinas against ischemia [91] . Acetylsalicylic acid alleviated microangiopathy in a process different from reducing inflammation and antithrombotic effect [92] . A nonpsychotropic cannabinoid, cannabidiol, reduced BRB breakdown, neuronal apoptosis and inflammation [93] . Propranolol can either reduce or intensify vascular changes depending on the model, but in animal in vivo experiments it caused mostly improvement mediated by reduction of VEGF overexpression. This effect in turn may raise neuronal apoptosis [94] .
Herbal preparations that have been investigated in this setting include KIOM-79, Purendan superfine powder and Litsea japonica extract. KIOM-79 and Litsea japonica extract reduced AGE accumulation and in consequence improved neuronal viability; Purendan superfine powder altered cell survival signalling which resulted in lower number of apoptotic retinal ganglion cells [95] [96] [97] .
CONCLUSION
In conclusion, neurodegeneration, as above mentioned, cannot be reversed and therefore new neuroprotective agents are expected to provide a new strategy of treatment for early stages of diabetic retinopathy. There is a growing need for clinical studies to evaluate the efficacy of noninvasive treatment approaches with neuroprotective drugs. The research on diabetic animal models that developed clinical manifestations of retinopathy is needed as they may provide a correlation of the systemic metabolic profiles and retinal pathology with human studies. In view of the complexity of diabetic retinopathy, it seems likely that combinatory therapy will be required with pathways targeting different cell types at different stages of the disease process. Hopefully in the nearest future neuroprotection will become an effective therapeutic option in the "armoury˝ against diabetic retinopathy.
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